The antigen recognition of a profoundly immunosuppressive mAb, mAb 2E1, in vivo was investigated. In addition to the 62-kDa effector cell protease receptor 1, mAb 2E1 bound the 32-kDa T cell adhesion receptor E2 (CD99) and the 86-kDa p80 subunit of the nuclear antigen complex Ku. These molecules share no overall sequence similarity. Peptide mapping experiments identified the mAb 2E1 cross-reacting epitopes as the sequences 66 GSFSDADLAD 75 in E2 and 571 GGAHFSVSSLAEG 583 in p80 of Ku, sharing a minimal homology motif FSXXXLA, in which X is a nonconserved amino acid. Each of these peptides separately inhibited the binding of mAb 2E1 to E2, effector cell protease receptor 1, and p80 of Ku in a dose-dependent manner. Scatchard plot analysis of 125 I-labeled mAb 2E1 binding to peripheral blood mononuclear cells revealed a high-affinity interaction with a dissociation constant of 7 ؋ 10 ؊10 M. An anti-E2 mAb bound the same epitope 66 GSFSDADLAD 75 recognized by mAb 2E1 but failed to react with p80 of Ku and was not immunosuppressive. These findings demonstrate that high-affinity crossreacting mAbs can be generated by mimicry of a minimal surface on unrelated molecules. This model of minimal mimicry may determine the nuclear reactivity of certain autoantibodies to Ku and contribute to aberrant immunosuppression in vivo.
The development of a competent immune response in vivo depends on a ''second signal'' generated by costimulatory mechanisms (1) influencing lymphocyte activation and proliferation (2) , cytokine gene expression (3) , and inhibition of apoptosis (4) . These mechanisms may also participate in aberrant activation of autoreactive T and B cells leading to T cell-mediated tissue damage (5) and production of pathogenic autoantibodies (6) in autoimmunity. In addition to the primary CD28͞B7 system (2), alternative pathways of lymphocyte costimulation have been postulated from analysis of knockout animals (7, 8) and from probing the immune response with mAbs to T cell͞monocyte surface molecules (9) (10) (11) .
A potential alternative costimulatory mechanism was recently unveiled by the ability of a mAb, designated 2E1, to inhibit T cell activation and proliferation, blocking Ig production, cytokine release, and graft versus host disease, in vivo (12) . This mAb was raised against viable T lymphoblastoid cells and selected for its reactivity with affinity-purified effector cell protease receptor 1 (EPR-1) (13), thus suggesting a potential role for this molecule in alternative lymphocyte costimulation (14) . In this article, we report that mAb 2E1 recognizes three distinct antigens with high affinity, including p80 of Ku, a frequent nuclear target of autoantibodies (15, 16) . These molecules lack overall sequence similarity and their cross-reacting epitopes contain a minimal homology motif FSXXXLA, in which X is a nonconserved amino acid. The potential implications of these findings for the generation of cross-reacting anti-nuclear autoantibodies and immunosuppression in vivo are discussed.
MATERIALS AND METHODS
mAbs and Synthetic Peptides. The establishment of mAb 2E1 has been described (13) . Briefly, murine hybridomas were generated by i.p. injections of 10 6 viable EPR-1 ϩ MOLT13 T cells and screened for reactivity with MOLT13 cells by flow cytometry and with 62-kDa affinity-purified EPR-1 in Western blots (13) . Seven positive mAbs were isolated and cloned twice by limiting dilution, and one of them (mAb 2E1, IgG2a) was used in immunologic screening of expression phage libraries to isolate the EPR-1 cDNA (13). Anti-p80 of Ku mAb D 6 D 8 (17) was provided by M. Yaneva (Washington University, St. Louis, MO). Anti-E2 mAbs 12E7 (18) or 0662, L129, and D44 (19) were provided by R. Levy (Stanford University, Stanford, CA) and A. Bernard (Institut National de la Santé et de la Recherche Médicale, Nice, France). Sequential overlapping peptides from the extracellular region of E2 (K 17 -D
100
) and the C terminus of p80 of Ku (P   503   -I   731 ), which contains most autoantibody epitopes, were synthesized by the W. M. Keck Biotechnology Laboratories at Yale University and subjected to reverse-phase HPLC liquid chromatography and mass spectrometry.
Cells and Cell Cultures. Peripheral blood mononuclear cells (PBMCs) were isolated from heparinized blood drawn from normal healthy volunteers by differential centrifugation over Ficoll͞Hypaque (Pharmacia). PBMCs (5 ϫ 10 5 cells per ml) were incubated in 96-well tissue culture plates with increasing concentrations (0.32-5000 ng͞ml) of mAb 2E1 or anti-E2 mAbs for 30 min at 37°C and cultivated with anti-CD3 mAb OKT3 (1 g͞ml) for 3 days at 37°C. Cells were pulse-labeled with [ 3 H]thymidine at 1 Ci per well for 16 h (1 Ci ϭ 37 GBq) and radioactivity incorporated under the various conditions was quantitated in a scintillation counter. In other experiments, mAb 2E1 was preincubated with control, E2, or p80 of Ku peptides for 30 min at 4°C before addition to PBMCs and determination of cell proliferation (12) . The B lymphoma cell lines Daudi and Raji; monocytic cell line THP-1; erythroleukemia cell lines HEL, T leukemia cell lines MLT, Jurkat, and MOLT13; and epithelial cell line HeLa were obtained from the American Type Culture Collection and maintained in culture according to the supplier's specifications. The EPR-1 extracellular sequence M 1 -R 60 , containing the mAb 2E1 epitope, was engineered in the frame of intercellular adhesion molecule
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1 and the chimeric construct was transfected in Chinese hamster ovary cells by electroporation (20) .
Affinity Chromatography, Immunoblotting, and Immunoprecipitation. MOLT13 cells (1 ϫ 10 9 cells) were extracted in 0.15 M NaCl͞0.05 M Tris⅐HCl͞0.5% CHAPS (Calbiochem)͞1 mM CaCl 2 ͞1 mM PMSF, 1 mM benzamadine, 1 M PPACK, 10 g͞ml leupeptin, and 10 g͞ml SBTI at pH 8.4, precleared, and applied to Affi-Gel (Bio-Rad)-coupled mAb 2E1 (27 mg) for 14 h at 4°C. After washes, mAb 2E1-bound material was eluted in 0.1 M glycine, pH 2.7͞0.5% CHAPS and immediately neutralized in 1 M Tris⅐HCl (pH 9.6). Bands reactive with mAb 2E1 in immunoblotting (see below) were excised and microsequenced by using an Applied BioSystem gas-phase sequencer with on-line HPLC. For immunoblotting, mAb-2E1-affinity-purified material or detergent-solubilized cell extracts were separated on 7.5% or 10% SDS gels, and electroblotted to Immobilon (Millipore) at 450 mA for 2 h at 22°C. The transfer membrane was blocked with 5% nonfat dried milk, incubated with mAb 2E1 (20 g͞ml) for 2 h at 22°C, and then with 125 I-labeled goat anti-mouse F(abЈ) 2 fragments (Tago), followed by autoradiography.
Epitope Mapping. Ninety-six-well Immunolon II plates were coated with various peptides at 25 g͞ml for 16 h at 4°C, washed, blocked in 4% BSA, and incubated with control mouse IgG2a (Sigma), mAb 2E1, or various anti-E2 mAbs for 1 h at 37°C. After addition of biotin-conjugated goat anti-mouse IgG and alkaline phosphatase-conjugated streptavidin, binding of the primary mAbs was revealed with p-nitrophenyl phosphate (Zymed) at 1 mg͞ml in 0.1 M 2-amino-2-propanediol (pH 10.3) and quantitated by absorbance at 405 nm.
Binding Studies and Immunof luorescence. PBMC, Jurkat, or EPR-1 transfectants (2 ϫ 10 6 cells per ml) were preincubated with 20% normal human serum to prevent Fc-mediated mAb binding. Cells were sequentially incubated with control IgG2a (20 g͞ml) or other primary mAbs (20 g͞ml) and then with fluorescein isothiocyanate-conjugated goat anti-mouse F(abЈ) 2 (Biosource International, Camarillo, CA) for 30 min at 4°C and analyzed by flow cytometry. In other experiments, 2 mg of mAb 2E1 was radiolabeled with [ 125 I]NaI (Amersham) by the Iodo-Gen method to a specific activity of 8.7 ϫ 10 5 cpm͞g of protein and free radioactivity was separated from protein-bound radioactivity by chromatography on a Sephadex G-25 PD-10 column (Pharmacia). For binding experiments, increasing concentrations of 125 I-labeled mAb 2E1 (0.01-16 g͞ml) were incubated with freshly isolated PBMCs (2 ϫ 10 7 cells per ml) in serum-free RPMI 1640 medium for 30 min at 22°C, before separation of free and cell-surface bound radioactivity by centrifugation through a mixture of silicone oil. Nonspecific binding was assessed in the presence of a 50-fold molar excess of unlabeled mAb 2E1 or control anti-CD3 mAb OKT3 and was subtracted from the total to calculate specific binding. In peptide competition experiments, fluorescein isothiocyanate-conjugated mAb 2E1 was incubated with increasing concentrations of control or E2 or p80 of Ku peptides for 30 min at 22°C before determination of mAb binding to EPR-1 Ϫ Jurkat cells (2 ϫ 10 6 cells per ml) by flow cytometry. In other experiments, HeLa cells were grown on glass coverslips, fixed in 1% paraformaldehyde (Polysciences), and permeabilized with 0.5% Triton X-100 for 5 min at 22°C. After blocking with 4% goat serum, the coverslips were incubated with control IgG2a (5 g͞ml), mAb D 6 D 8 (5 g͞ml), or mAb 2E1 (5 g͞ml) for 30 min at 22°C, followed by fluorescein isothiocyanate-conjugated goat anti-mouse IgG (Biosource International). After washes, cells were analyzed on a Nikon Microphot FXA (Nikon) fluorescence microscope. In some experiments, mAb 2E1 (5 g͞ml) was preincubated with 10 M control peptide or E2 P 
RESULTS
Anti-EPR-1 mAb 2E1 Recognizes Three Molecules. In immunoblots of detergent-solubilized cell extracts, mAb 2E1 reacted with three distinct molecules of 32, 62, and 86 kDa (Fig. 1A) . The fainter 62-kDa band was consistent with the size of EPR-1 (13) and was more prominently detected in OKT3-stimulated PBMCs (Fig. 1 A) , in agreement with the activationdependent expression of EPR-1 on these cells (14) . With the exception of Daudi (see below and ref. 19 ), the two additional bands of 32 and 86 kDa recognized by mAb 2E1 were ubiquitously found in all cells types examined (Fig. 1 A) . Indistinguishable results were obtained with all seven mAbs of the 2E1 panel originally selected for reactivity with affinitypurified EPR-1 (13) . In parallel experiments, mAb 2E1 immunoprecipitated all three bands of 32, 62, and 86 kDa from metabolically labeled cell extracts, whereas only the 32-and 62-kDa bands could be resolved from 125 I-surface-labeled cell extracts (data not shown). Fractionation of MOLT13 extracts on a mAb 2E1 affinity column yielded three distinct bands of 32, 62, and 86 kDa (Fig. 1B) . By microsequencing, the 32-kDa band corresponded to the T cell surface adhesion receptor E2 (CD99) (19) (Fig. 1B) , and immunologic screening of a gt11 T cell MLT library with mAb 2E1 yielded an immunoreactive clone (101) encoding the E2 sequence K Fig. 2A) , blocked nuclear staining of p80 of Ku in permeabilized HeLa cells (Fig. 2B) , and suppressed the antibody recognition of the EPR-1 epitope M 1 -R 60 on chimeric transfectants (Fig. 2C) Ninety six-well plastic microtiter plates were coated with the indicated peptides from the extracellular region of E2 (K 17 -D 100 ) or the C terminus of p80 of Ku (P 503 -I 731 ) at 25 g͞ml. Wells were then coated with 4% BSA before determination of mAb 2E1 reactivity (5 g͞ml) by ELISA. Background absorbance in the presence of mouse IgG2a was less than an A405 value of ϳ0.04. Data are the mean Ϯ SD for replicate wells of a representative experiment of three determinations.
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Immunology: Rothermel et al. Proc. Natl. Acad. Sci. USA 95 (1998) with p80 of Ku peptides (Fig. 3A) and did not bind to EPR-1 transfectants by flow cytometry (data not shown). Similarly, anti-E2 mAbs, including mAb 0662, did not reduce mAb OKT3-stimulated PBMC proliferation at any concentration tested (Fig. 3B) , which was dose-dependently inhibited by mAb 2E1 (Fig. 3B ), in agreement with previous observations (12) . Finally, injection of the E2 or p80 of Ku cross-reacting peptide epitopes in rabbits elicited the generation of monospecific antibodies, which did not cross-react with either molecule (data not shown).
DISCUSSION
In this study, we have shown that a potently immunosuppressive antibody in vivo, mAb 2E1 (12), recognizes three distinct molecules. These were identified by direct microsequencing of antibody affinity-purified material, functional cDNA cloning, and synthetic peptidyl mimicry as 62-kDa EPR-1 (13), 32-kDa E2 (CD99) (19) , and 86-kDa p80 subunit of the nuclear antigen complex Ku (21) . These molecules share no overall similarity and their cross-reacting epitopes, E2 , contain a minimal homology motif, FSXXXLA, in which X is a nonconserved amino acid.
This unusual pattern of antibody cross-reactivity is not due to accidental contamination of mAb 2E1 with unrelated hybridomas. (i) All seven mAbs independently selected for binding to isolated EPR-1 and cloned twice by limiting dilution (13) also reacted with E2 and p80 of Ku by immunoblotting and were immunosuppressive (unpublished observations). (ii) mAb 2E1 reactivity with E2, EPR-1, and p80 of Ku was completely cross-blocked by each peptide epitope separately and did not require peptide combinations. (iii) Indistinguishable results were obtained with culture supernatant or ascitesderived IgG fractions of mAb 2E1, thus ruling out a potential contamination of ascites fluid with unrelated murine antibodies in vivo.
There are several known mechanisms potentially mediating antibody cross-reactivity. In addition to low-affinity (ϳ10 Ϫ5 M) natural antibodies (22) , cross-reacting antibodies can be generated by molecular mimicry of conserved, albeit not completely identical, amino acid sequences (23, 24) , or by recognition of carbohydrate(s) determinants on unrelated glycoproteins (25) . In our study, E2 and p80 of Ku peptides inhibited mAb 2E1 binding to their respective native macromolecules, thus excluding a role of shared carbohydrate epitopes in this cross-reactivity. Rather, these data suggest a mechanism of minimal mimicry, in which recognition of a limited surface area of similarity, potentially within the FSXXXLA homology motif, may be sufficient to determine high-affinity (i.e., K d ϭ 7 ϫ 10 Ϫ10 M) antibody cross-reactivity with E2, EPR-1, and p80 of Ku. It is plausible that other mechanisms may participate in this multiple antigen recognition because anti-E2 mAb 0662, which mapped to the same E2 sequence 66 GSFSDADLAD 75 recognized by mAb 2E1, failed to cross-react with EPR-1 or p80 of Ku and to block T cell proliferation. Similarly, injection of the E2 or p80 of Ku peptide epitopes in rabbits elicited antiserum that did not cross-react with the immunizing sequences (unpublished observations). Although the fine molecular requirements of mAb 2E1 multiple recognition have not been elucidated, these findings point to an unusual degree of flexibility in antigenantibody complementarity. Cross-reactivity between structurally unrelated molecules has been described for both antigenantibody interactions (26) (27) (28) (29) (30) and other protein interactions (31) (32) (33) (34) . Structural studies assessing these cross-reactions have implicated conformational changes in the binding sites, involvement of similar bonding interactions or contact points, and solvation to increase complementarity (28, 29, 32, 33) .
The paradigm of mAb 2E1 might have considerable implications for disease pathogenesis. Autoantibodies to both p70 and p80 of Ku are frequently found in patients with systemic lupus erythematosus and scleroderma-polymyositis overlap syndrome (15, 16) . Autoantibodies are also a hallmark of infections with HIV or Epstein-Barr virus (35, 36) and primary effectors of tissue damage and disease progression (6) . In this context, minimal mimicry of viral or self determinants during B cell activation may lead to the generation of highaffinity cross-reacting antibodies similar to mAb 2E1. Although this may explain the reactivity of certain autoantibodies with Ku (15, 16) , it may also translate into profound immunosuppression in vivo (12) . Consistent with this concept, bispecific autoantibodies reacting with nuclear and plasma membrane components have been previously described in autoimmune diseases (26, 27, 37, 38) , and immunosuppressive autoantibodies have been shown to exacerbate HIV infection (39) . Elucidation of the fine structural requirements of mAb 2E1 cross-reactivity should provide important insights on the pathogenic mechanisms of autoimmunity and immunosuppression, in vivo.
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